INTRODUCTION
Conversion of micro and nano patterned polymer structures into carbon via pyrolysis is a widespread technique for the fabrication of graphitic carbon-based devices. 1, 2 This process is typically performed at ≥900°C, such that the polymer undergoes a thermochemical decomposition and yields carbon with a characteristic dimensional shrinkage. The properties of such carbons are similar to those of glassy (IUPAC name: glass-like) carbon, 1, 2 which are attributed to a complex three-dimensional graphene network that constitutes the material. [3] [4] [5] Carbon obtained from pyrolysis below 900°C does not feature the desired graphenic network, 6 therefore, its mechanical strength as well as electrical conductivity are compromised. Consequently, the elevated temperatures are essential for obtaining device-friendly carbon, which limit this process to substrate materials with a high thermal stability, such as silicon. In other words, patterning pyrolytic carbon onto flexible polymer substrates remains a challenge.
Laser-induced carbonization of polyimide (e.g., its commercially available derivative, Kapton) has been attempted for its conversion into a porous carbon material that is useable in devices. [7] [8] [9] [10] Initial observations were reported in the framework of polymer ablation, 7 where the carbonaceous residue was considered undesirable. Further investigations were optimized to produce carbon with a superior electrical conductivity using UV radiation with a nanosecond pulse or continuous wave. 11, 12 A combination of photochemical and photothermal mechanisms was proposed for such a conversion, which was supported by a model of single photon and multiphoton absorbance of chromophores; 11 later also confirmed by diffuse reflectance infrared (IR) Fourier transform studies. 13 Eventually, the carbonization of Kapton was also carried out using IR 14 and femto-second 15 lasers. Importantly, the carbonization mechanism is expected to drastically vary in the case of each laser type owing to the fact that both polyimide and carbon exhibit different transmittance in different laser wavelengths. The heat generated during the process, as well as the microstructure and surface properties of the resulting carbon are strongly influenced by the laser power, fluence, speed, and pyrolysis environment, in addition to the wavelength. Since this technology is in its initial development phase, occasional dissimilarities in the nomenclature are also encountered. For example, essentially the same material is designated as glassy carbon, 16 laser-scribed graphene [17] [18] [19] and laser-induced graphene [20] [21] [22] in various studies. The increasing interest in laser carbon aimed at flexible device fabrication has created a compelling need for the optimization of laser parameters, followed by a detailed characterization of the resulting material that can be used as guidelines for preparing application-specific laser carbon.
In this contribution we report on (i) an extensive characterization of Kapton-derived laser carbon produced in air and nitrogen environments with variable IR laser parameters, and (ii) fabrication of a flexible, pH-based enzymatic urea sensor using laser carbon, for demonstration purposes. Urea measurement is most commonly associated with the medical diagnosis of kidney dysfunction. 23 Current methods for urea determination in the urinary metabolites are unsuitable for integration with point-of-care testing platforms, such as catheters 24 that would allow for a rapid and contamination-free analysis. Increased urea levels can also cause a variety of other health hazards including cardiovascular events, 25 incident diabetes mellitus 26 and cognitive impairment, 27 and therefore entail monitoring in the food items, 28 and in the soil. 29 A widespread urea analysis method utilizes the enzyme urease, which catalyses the hydrolysis of urea into carbon dioxide and ammonia. 30 This ammonia is in turn detected using analytical platforms such as transducers, [30] [31] [32] or by a direct pH-change measurement.
Various carbon materials, such as screen-printed carbon inks, 33 modified glassy carbon electrodes, 34, 35 carbon paste electrodes, 30 and carbon nanotubes (CNTs) 30 and their mixtures with materials, such as gold nanotubes 36 have been investigated for electrochemical urea sensor fabrication. Among these, the CNT and gold nanotube sensor 36 is a flexible device proposed for its application as a skin patch to determine urea levels in human sweat. While some of these devices are capable of detecting μM urea concentrations, they are fabricated employing cumbersome techniques and relatively expensive materials. To our knowledge, there is no report on a catheter-compatible, disposable urea sensor based on low-cost carbon materials.
There are two major challenges in the fabrication of ureasebased urea sensor: (i) the chemisorption of urease onto a substrate typically leads to a drastic decrease in its activity, 37 and (ii) the shortening of the useful life-time of urease. 30, 32 To overcome these problems, the enzyme can be immobilized onto a substrate that mimics its natural environment, for example, chitosan. 37 The hydroxyl and amino groups present in chitosan enable both electrostatic and covalent immobilization strategies, and hence, increase the quantity of the immobilized enzyme. Chitosan films can be prepared on various conductive substrates via electrodeposition. [38] [39] [40] We demonstrate urease immobilization both with and without the electrodeposited chitosan layer onto laser carbon substrates.
RESULTS

Fabrication and investigation of carbonization mechanism
The experimental strategy is schematically represented in Fig. 1 , followed by a detailed description of the individual steps. Laser pyrolysis under nitrogen flow was carried out inside a poly(methyl methacrylate) (PMMA) chamber (50 mm × 50 mm × 12 mm) with a barium fluoride (BaF 2 ) window on the top (digital image in Fig.  SI1 ). One millimeter-thick BaF 2 has >90% transparency in the selected wavelength. The carbonization threshold (minimum value for obtaining a uniform carbon film) was found to be at a fluence (optical energy density of the laser beam) of 1.3 J cm −2 , below which the Kapton displayed bleaching. Fourier transform infrared (FTIR) spectroscopy was carried out to investigate the chemical nature and the absorbance of the bleached and residual Kapton films, pre-carbonization, and post-carbonization. The absorbance for the virgin (untreated) Kapton, and Kapton films after exposure to laser radiation (wavelength: 10.6 μm) at fluences 1.1 and 1.2 J cm −2 were 0.09, 0.19, and 0.12, respectively. The postcarbonization residual Kapton exhibited an absorbance of 0.15, which was higher compared to the untreated film. In the case of 1.2 J cm −2 fluence, occasional carbon islands could be observed in the optical micrographs. One representative FTIR spectrum is shown in Fig. 1 (top right) , and detailed absorbance profiles with the corresponding optical micrographs are provided in the Supplementary Information (Fig. SI2) .
Digital photograph and corresponding scanning electron microscope (SEM) images of a representative flexible carbon pattern showing three different regions: (i) bleached Kapton, and laser carbon prepared in (ii) air, and (iii) under nitrogen flow, are shown in Fig. 2a -e. The bleached areas contain bubbles (Fig. 2c) of an average diameter of ∼30 μm. Evidently, laser carbons prepared in air (Fig. 2d) and nitrogen (Fig. 2e ) display different porosity, which was further investigated using the argon isotherms, based on the Brunauer-Emmett-Teller (BET) theory.
Characterization and laser parameter optimization Several batches of carbon patterns were fabricated employing various fluences in the 1.8-4.5 J cm −2 range, with a 0.5 J cm −2 increment. We observed that above 3.5 J cm −2 fluence, the carbon films start to peel-off, and thus the resulting patterns are not useable for device fabrication. Therefore, three fluence values, 1.8, 2.3, and 3.5 J cm −2 were chosen for further experiments, where the laser power and speed were varied. Samples were prepared in air and under nitrogen flow for each parameter set. First evaluations were based on the morphology of the carbon film (uniformity, delamination), surface porosity, graphitic content, electrical conductivity, and fabrication reproducibility. SEM images of a typical delaminated film are provided in the Supplementary Information (see Fig. SI3 ). Five samples (each prepared in air and nitrogen) that exhibited relatively high graphitic contents and electrical conductivity values were selected for further analysis. The carbon film thickness, Raman ratio (I D /I G ) and electrical conductivity of these samples are listed in the Table 1 . As it can be observed, the films prepared in air are~50 μm thick, while those under nitrogen flow are~30 μm. The I D /I G value, which indicates the ratio of the disordered to crystalline fraction in the carbon, is the lowest for samples A1 and N1, among the air and nitrogen prepared samples, respectively. SEM micrographs and surface porosity data for all fabricated samples are provided in the Supplementary Information (see Fig. SI4 , SI5 and Table SI1 ). Figure 3 presents high-resolution X-ray photoelectron spectroscopy (XPS) data for C 1s, N 1s and O 1s. In all cases, the C 1s line was centered, and seven carbon containing species were found at the following binding energies: C = C at (284.2 ± 0.2) eV, C-C/C-H at (284.9 ± 0.1) eV, C-N at (285.7 ± 0.1) eV, C-O at (286.4 ± 0.2) eV, C = O at (287.2 ± 0.1) eV, O-C = O at (288.7 ± 0.1) eV, and a shakeup arising from aromatic rings at (290 ± 0.8) eV. Five nitrogenbased species were determined from the N 1s line, namely: pyridinic (N6) (398.5 ± 0.3) eV, amide (399.6 ± 0.2) eV, pyrrolic (N5) (400.1 ± 0.1) eV, quaternary (NQ) (401.7 ± 0.2) eV, and oxidic (NX) (404.2 ± 0.2) eV. [41] [42] [43] [44] From the O 1s spectra, five oxygen containing and hydroxyl (C-OH) at (533.9 ± 0.2) eV. All spectra featured widening in hydroxyl line due to the contamination from undefined species in the environment. There was a measurable increase in the C 1s and N 1s, and a decrease in the O 1s content with the corresponding functional groups in the nitrogen prepared samples. A widening of each species suggesting an increased disorder on the surface was observed for all samples prepared in nitrogen along with an increased asymmetry in the N 1s component. This can be attributed to the contribution from the quaternary species due to the interference of nitrogen. In the specimens A3 and N3, a narrowing of the full width at half maximum (FWHM) for C = C, C-N, C-O, and C = O peaks in the C 1s spectra were observed, which indicates that these specific laser parameters favor a higher carbon content on the surface, irrespective of the gaseous environment. The survey spectra, integrated peak areas, and the XPS data on thermally pyrolyzed Kapton are provided in the Supplementary Information (see Fig.  SI6 , Table SI2 , and Fig. SI7c-f ). Figure 4a , b are the collections of Raman spectra for the five selected samples, fabricated in air and nitrogen. In all cases, two distinctive first-order peaks at~1340 cm −1 (D-band; A 1g breathing mode of the hexagonal rings at the K-point initiated by disorder), and~1580 cm −1 (G-band; E 2g mode at the Γ-point, responsible for the stretching vibrations in all sp 2 carbons), 45 as well as the second-order 2D overtone (characteristic of all sp 2 carbons) at 2690 cm −1 were present. The FWHM for the samples prepared in air was 51 ± 8 cm −1 for the G-band, and 59 ± 10 cm −1 for the Dband (Fig. 4a ). For the samples fabricated under nitrogen the FWHM of both peaks noticeably increased to 77 ± 5 and 149 ± 17 cm −1 (Fig. 4b ). For air samples, an increase in the fluence rendered the G-band relatively asymmetric. The 2D band noticeably decreased and widened in the nitrogen environment. The additional spectral lines at~2460,~2930, and~3230 cm −1 are designated as (T+D) and (D+G), respectively. These Raman bands are generally present in polymer-derived carbons such as glassy carbon. 46 Two samples, namely, A1 and N1 were selected for further analysis due to their highest graphitic content. These two samples were also employed in urea sensor fabrication, and their properties were compared with that of a thermally carbonized Kapton film. A direct comparison of their physicochemical properties are listed in Table 2 . Detailed analyses based on the individual characterization methods are described below. Figure 4c depicts the XRD patterns for virgin Kapton, a Kapton film pyrolyzed at 900°C, and the powders extracted from samples A1 and N1. The (002) peak, indicative of the graphite basal planes, was present in pyrolyzed Kapton, A1 and N1 at 2θ 25.7°, 25.6°, and 25.9°, respectively. The peak present in the virgin Kapton at 26.1°is a result of the stacked aromatic sheets characteristic of the polymer. The highest intensity peak of the Kapton 21.8°is completely absent in all types of carbon. The other characteristic graphite peak that corresponds to the (100) plane was present at 42.9°for pyrolyzed Kapton, and at 42.6°in both A1 and N1. Among carbon samples, the peaks featured the highest FWHM for the sample A1. The interlayer distance (d-spacing), calculated using Bragg's diffraction law, was 3.48 and 3.44 Å for A1 and N1, respectively. All calculated values are listed in Table 2 . The Gaussian peak in the 2θ range 10-20°can potentially result from the residual Kapton impurities (as evidenced by the diffractogram of virgin Kapton) and disorder. Other peaks that are commonly present in graphitic carbons (considering the spacegroup P6 3 / mmc) are (102) at 50.6°, reflection (004) at 53.2°, (104) at 70.5°, and (110) at 78.3°are also indicated.
Argon isotherms of A1 and N1 revealed a specific surface area of 255 and 106 m 2 g −1 , respectively (Table 2) , with maximum pore fraction in the 1.2-1.3 nm range in both materials. Further details on pore size distribution are provided in the Supplementary Information (see Fig. SI8 ). According to the elemental analysis A1 and N1 contain~93% and~97% carbon (details in Table 2 ). Thermally carbonized Kapton exhibits a much lower carbon content.
In order to determine if the porosity distribution is same throughout the depth of the films, SEM images and Raman spectra were collected from the cross-sections of A1 and N1, as shown Fig.  4d , e and g, h. As it can be observed in the SEM images, the porosity at the film surface is significantly different from the center of the film. As one goes closer to the Kapton surface, the pore distribution changes. Raman spectra confirmed that the two sample types have one common feature: closer to the bottom of the film, the intensity of both, the G-band and 2D-band decrease. The 2D-band is not detectable in the bottom~10 μm. Additionally for both specimens a sharp peak at~3230 cm −1 was observed corresponding to amine stretching. 47 TEM micrographs of A1 and N1 are shown in Fig. 4f , i. The powder diffraction patterns indicate the absence of a long-range order, which is typical of polymer-derived carbons and is also substantiated by the XRD analysis. The diffusion rings (shown as insets) have minor shape variations. N1 features a relatively more graphitic structure (higher L c according to XRD). In the case of A1, no thick stack of (turbostratic) graphenic fragments (L c ) could be detected despite an extensive search. Occasional evidences of a slightly higher L c could be observed for N1. The images from these specific regions are provided in the Supplementary Information (Fig. SI9 ).
Urea sensor fabrication and analysis For urea sensor fabrication, a relatively large structure (circle of 8 mm diameter, shown in Fig. 1 ) was chosen. Two types of enzyme immobilization schemes were tested: (i) directly onto the carbon surface, (ii) via an intermediate electrodeposited hydrogel, chitosan. For the bare carbon film, urease immobilization was conducted in four different ways: (i) as-fabricated film, (ii) asfabricated film with glutaraldehyde linker, (iii) oxygen plasmatreated film, and (iv) oxygen plasma-treated film with glutaraldehyde linker. Measured pH values with respect to time for these four cases are shown in Fig. 5a . A similar circular pattern, connected to a silver contact pad, was used as the electrode for chitosan electrodeposition (photograph and fluorescence microscopy image shown in Fig. 1 ). Urease was immobilized via glutaraldehyde coupling to the deposited chitosan, and the sensitivity to urea using this assembly is depicted in Fig. 5b . The initial urease concentration was 1 mg/ml. As can be observed, within the 10 −4 -10 −1 M concentration range, the rate of urease catalysis increases with the increase in the urea concentration.
In Fig. 5c , the two immobilization schemes along with the control experiments (carbon and chitosan surfaces without urease), are compared with urease activity in solution. Here, the urea concentration was maintained constant (10 −2 M), and for the solution experiments urease concentration was varied in order to estimate the fraction of active urease on different sensor types.
In Fig. 5d we show a comparison of the urea sensing capabilities of a rolled-up and a flat urea sensor of the same surface area. Evidently, the sensor performance is almost identical in both cases. A similar structure was rolled-up and fixed inside a tube, and a pH indicator paper was inserted in the forward flow direction. A 10 −2 M urea solution was passed through this assembly, which turned the yellow/green pH paper into pink/ purple color (residence time: 50 s), confirming a basic pH caused by the hydrolysis of urea. A video of this process can be found in the online Supplementary Information (Video SI V1).
DISCUSSION
Laser-induced carbonization entails a thermochemical decomposition of Kapton, similar to the pyrolysis performed in a furnace. However, since the process is much faster, the cleavage of chemical bonds is much more rapid, which renders the resulting material significantly different from both glassy and activated carbon. Kapton is a product of the condensation of pyromellitic dianhydride and 4,4′-oxydiphenylamine (PMDA/ODA), that features an optical transparency of 79% in the mid-IR wavelength. According to the Beer-Lambert law, the laser intensity decreases with the propagation of the beam within the sample volume. The energy of a single photon in the mid-IR wavelength is~0.12 eV, which is insufficient for a direct bond dissociation of the polymer molecules. Consequently, the radiation induces phonons in Kapton. This vibrational energy is released by a bond dissociation in the weaker pyridine component of the PMDA followed by material ablation from the surface (similar to etching), 13, 48, 49 and is expressed as bleaching when the fluence is below the carbonization threshold (1.3 J cm −2 ). The ablated material is released in the form of bubbles (Fig. 2c ) that cause the Kapton to swell roughly bỹ 5 μm. This bubble-containing film now features a reduced absorbance, 0.19. In the case of a higher fluence (still lower than the carbonization threshold), the absorbance is between that of the virgin Kapton and a lower fluence due to the presence of more bubbles.
Further increase in the fluence leads to an immediate burst of such bubbles, resulting in a rapid release of the volatile products, which primarily constitute CO 2 , CO, HCN, C 6 H 6 and radicals resulting from Kapton fragmentation. 7 Under constant radiation, this mixture becomes ionized and forms a plume (plasma-like glow discharge 50 ). The plume-shield prevents further beam penetration in the film, causing heat generation at the beamfront and adjacent areas. 50 We propose that this heat, in turn, carbonizes the film. This is substantiated by the fact that the carbonization only occurs when the plume is formed (can be observed as a bright spot through the naked eye; see video SI V2 in the Supplementary Information). A fast release of pyrolysis byproducts generates pores in the material, distributed over several microns below and a few microns above the Kapton surface. The remaining Kapton film underneath the carbon layer displays a lower absorbance, 0.15. Importantly, all FTIR spectra resemble the same profile as the virgin polymer, with variations in the individual peak intensities. This implies that the chemical composition of the uncarbonized Kapton is preserved throughout; only the fraction of different surface functional groups changes.
In most reports on laser carbon, the material is obtained in air (ambient conditions), while a few studies utilize an inert Crystallite size, L a (XRD) (nm)
Crystallite size, L c (XRD) (nm) M. All measurements were performed in triplicate, and data points report the mean ± standard deviation E.R. Mamleyev et al. environment. 51, 52 During our initial experiments, we observed that the laser carbon fabricated under nitrogen was hydrophobic (contact angle~120°), while the air-fabricated carbon was hydrophilic (contact angle:~70°). This is unsurprising, as the carbons prepared in the presence of oxygen often carry oxygenated surface functional groups. Nitrogen, on the other hand, facilitates inert surroundings and limits the formation of such groups. According to the surface functionality analysis based on XPS, the nitrogen-prepared sample exhibits a higher fraction of surface carbon compared to that prepared in air, which is in line with the elemental analyses (Table 2) . However, the exact elemental compositions analyzed by these two techniques do not match, as the elemental analysis is performed on bulk powder, while XPS data is from the top~10 nm of the film. Among the detected functional groups, the polar ones such as hydroxyl (-C-OH), aliphatic and aromatic carbonyl (-C=O), and with nitrogen heteroatom (-CN) are associated with hydrophilicity, while C=C/C-C/C-H species render the material hydrophobic. The deconvoluted high-resolution spectra shown in Fig. 3 indicate that in all air-prepared samples, the fraction of polar groups (carbonyl and carboxyl) is higher, and in the nitrogen samples, the non-polar groups (C=C/C-C/C-H) are more abundant. Cyano group (-C≡N) is present in both samples; however, its fraction is very low (<3.5% in air and <5% in nitrogen, also see Fig. 3 and Table SI2 ), which does not seem to have a strong influence on the hydrophilicity. Additionally, in all nitrogen samples, the nitrogen content, in particular the quaternary nitrogen, is higher. An important observation from the XPS data is the widening of all peaks for nitrogen prepared samples compared to those in air confirming an higher degree of disorder.
Raman spectra for air fabricated samples exhibited sharp D and G-bands, with the best separation in the case of the lowest fluence (sample A1). The general trend is that both G and D bands widen with an increase in the fluence, and a higher laser power improves the band separation. For example, samples A4 and A5 are prepared at the same fluence but A5 with a higher power. Sample A1 also featured the strongest 2D-band, which signifies that among the air-fabricated samples, this material has the highest graphitic content (also see Table 1 ). The same parameter set yielded the highest graphitic content for the nitrogen prepared sample (i.e., N1). Generally, air-fabricated samples show a better peak separation, as well as an increasing 2D peak intensity with the changing laser parameters, while this effect is not so obvious in the case of nitrogen prepared samples. This indicates that the graphitic content is not strongly affected by the laser parameters when the material is prepared in an inert environment. Based on the Raman data, it can be deduced that the nitrogen prepared samples feature a higher surface disorder, which is in line with the XPS data, however, contradicts the information obtained from the electrical conductivity, TEM and XRD. This can be explained by the differences in surface and bulk properties of the material. Both XPS and Raman are measured on the sample surface (10 nm and <1 μm deep, respectively), while other measurements are performed on bulk.
It is well-known that polymer-derived carbons contain a significant number of in-plane defects. 5, 53 Although the physical properties of laser carbon are different from glassy carbon, it is reasonable to assume that the material features a high fraction of defects, as well as some impurities that are evident from the elemental analysis. Both the defects and heteroatoms result in a turbostratic structure (misaligned basal planes), which causes the graphenic fragments to fold. 5 Consequently, there is a lot of strain within the crystallites, and the C-C bond-lengths, as well as the valence angles are distributed over a range. 53 This causes the (100) peak to broaden (Fig. 4c) . If the exact strain contribution is identified and subtracted, the crystallite size calculations can be more accurate. However, with the available microstructural data strain contributions cannot be quantified, hence we assumed the P6 3 /mmc spacegroup for the XRD calculations. It is clear from a direct comparison of all diffractograms in Fig. 4c that the Kapton is almost completely degraded after its laser carbonization.
The microstructural differences in surface and bulk were confirmed by the cross-sectional SEM imaging and Raman spectroscopy. In the cross-sectional Raman, a small but sharp peak at~3230 cm −1 for amine (-NH 2 ) stretching is observed, which results from the residual Kapton impurity, and becomes more prominent along the depth of the film. From the crosssectional SEM micrographs (Fig. 4f, i) , one can clearly visualize a hierarchical porosity distribution in the air-fabricated sample. The nitrogen sample, on the other hand, features a more or less uniform porosity throughout. Its Raman data however, indicates that there is an increasing graphitic content from its base to the top, which is drastically different for the top 1 μm. The disordered carbon content, which was apparently higher for nitrogen samples during XPS and Raman measurements, but lower in XRD can be justified by a hierarchical material structure. The porosity observed in the SEM images (taken from the top) does not match with that determined by BET (Table 2) for the same reason. Importantly, the DFT model based on cylinder and sphere type pores was used for the porosity determination, which is limited to 50 nm pore size. The maximum number of pores were observed in the 1.2-1.3 nm range, and the overall pore volume was 0.37 and 0.28 cm 3 g −1 in A1 and N1, respectively. Larger pores are visible in the SEM micrographs (surface and cross-sectional), and are analyzed using the imageJ software (details provided in the Supplementary  Information Figs. SI4, SI5 ).
Laser carbon obtained in both air and nitrogen can potentially facilitate enzyme absorption. From XPS, the functional groups can be recognized but their activity towards various chemical species cannot be confirmed. Therefore, the mechanism of enzyme immobilization on the untreated carbon is not clear at this point. We observed that the use of glutaraldehyde indeed reduced the yield of catalytically active enzyme (Fig. 1 ). There could be three plausible explanations: (i) glutaraldehyde undergoes self-polymerization, or facilitates protein polymerization, and thus reduces the bound active urease fraction; (ii) glutaraldehyde reacts only with substrate active groups, removing both itself and potential substrate reactive sites from urease attachment; (iii) the nonspecific glutaraldehyde reaction with urease renders some fraction of the enzyme catalytically inactive. In order to increase the active fraction of enzyme, one can utilize the second pathway of electrodepositing an intermediate chitosan layer on carbon. Chitosan, a biocompatible, biodegradable, and non-toxic biopolymer, 54 provides a hydrogel matrix that mimics the cellular microenvironment of urease, which is conducive for enzyme activity preservation. The resulting irreversible Schiff's base effectively removes the cross-linked glutaraldehyde from the reaction, reducing the urease coupling.
In conclusion, we have described a direct laser writing method employing inexpensive and often readily available, industrial IRlaser platforms that is capable of patterning two-dimensional porous carbon structures of any pre-defined geometry on Kapton films for flexible device fabrication. Based on the parameter optimization we suggest that (i) a low fluence and high power are favorable for obtaining an enhanced graphitic content in laser carbon, and (ii) carbon prepared in air is more suitable for biosensor fabrication, as it features reactive points for watersoluble chemical and biochemical species such as enzymes. Properties of laser carbon can generally be tuned to achieve the desirable balance of electrical and surface properties by selecting the right laser parameters and pyrolysis environment. The smallest feature size depends on the laser spot size, which is in turn determined by the applied wavelength as well as the machine oFlaserptics. Although laser-induced carbonization significantly differs from the conventional thermal pyrolysis of polymers in terms of speed, execution, and the properties of the resulting E.R. Mamleyev et al. carbon, the carbonization mechanism is still primarily thermal, except the heat is generated by the plume. Laser carbon features micro, macro as well as meso pores, with a different top 1 μm layer from the rest of the material. This new addition to the pyrolytic carbon family is physically closer to carbons deposited from gaseous hydrocarbons, rather than to glassy carbon. However, its purity is much lower due to an extremely fast process, which is insufficient for a complete carbonization and experiences material redeposition.
We have demonstrated the fabrication of a pH-based, flexible, catheter-compatible urea sensor using laser carbon integrated with the underlying Kapton sheet, which can be readily used for in vivo urea determination. For biosensor fabrication, one can choose the type of laser carbon based on the desirable functional groups. We propose air prepared carbon for surface-based applications such as chemo-or biosensors, and nitrogen prepared sample for electronic applications due to its higher graphitic content. The ability to electrodeposit chitosan hydrogel films enables immobilization of a variety of enzymes (or bio-transducers) while maintaining biocompatibility. The reported device can successfully detect urea concentrations as low as (10 −4 M), which is two orders of magnitude lower than the urea concentration in the blood serum of a healthy human, with a response time of less than one minute. The sensor can be conveniently rolled-up and fit inside a tube down to 3 mm internal diameter without any compromise in its performance. The materials and instruments required in the reported technique are low cost, which render it attractive to a large variety of potential users. In addition to biosensors, potential research areas that can immediately benefit include neural electrodes, energy storage devices, and pressure transducers.
METHODS Fabrication
Kapton TM HN (DuPont; supplier: Krempel GmbH; thickness: 125 ± 13 μm) films were cleaned with acetone, isopropanol, and deionized water prior to laser irradiation on a ULS Versa Laser 3.50 set-up; with IR laser (wavelength: 10.6 μm),~180 μm spot diameter; 1000 pulses/inch in raster mode with line spacing of~100 μm. Fluence was calculated using the formula:
e , where P avg is the applied average laser power, T is full period determined from PPIv, where PPI is pulse/inch, v is speed of the focus carriage, and R is the spot radius. Fluence was adjusted by tuning the power and transit speed. Thermal pyrolysis was performed in a Carbolite Gero FHA 13 furnace at 900°C for 1 h under 0.8 l min −1 nitrogen flow at a ramp rate of 5°C min 
Characterization
FTIR was conducted on a Bruker Vertex 70 spectrometer in the 400-4000 cm −1 range, with~2 cm −1 resolution. All absorbance coefficients were obtained for the wavenumber of the CO 2 laser,~940 cm −1 , which corresponds to the out-of-plane bending of the C-H and C-H 2 functional groups. 47 Absorbance was corrected with Kubelka-Munk function and compared for all samples. SEM and TEM were carried out on Carl Zeiss AG -SUPRA 60VP SEM and JEOL-2100 TEM (200 kV using a nickel grid with carbon coating), respectively. Profilometry was carried out on a Dektak V 220-Si profilometer. Further details on sample preparation can be found in the Supplementary Information (Fig. SI10) . Sheet resistance of the films was determined by four probe van der Pauw method using copper contact pads on a 9-T Quantum Design Physical Property Measurement System (sourcemeter: Keithley 2460, nanovoltmeter: Keithley 2182A).
XPS was performed using Al-Kα radiation (E = 1486.6 eV) and the spectra were collected with the hemispherical energy analyzer RG Scienta 4000. The survey and individual spectra were collected with 1 and 0.05 eV increments, respectively. Line correction was adjusted to C = C/C-C/C-H peak at 284.85 eV for all spectra, and according to the position of the corresponding peak in the thermally pyrolyzed specimen. In some spectra, additional Ti 2p peak was determined at~458 eV due to the interference with the holder during measurements. This was utilized for the correction of peaks positions (see survey spectra in the Supplementary Information,   Fig. SI6 ) during the analysis. Due to the Ti interference, additional peaks were observed in such samples in O 1s line corresponding to TiO 2 at 529.9 eV, and in C 1s-to carbide peak at 282.7 eV. These peaks were omitted in calculation of the global percentage, and the corresponding area was recalculated. All spectra were corrected using CasaXPS software with Shirley background and fitted with Voigt profile. For the peak assignment, the following fitting procedure was applied: (i) the best match was achieved in C 1s by assigning seven species, in the N 1s spectra with five species, and in O 1s with five species; (ii) the areas of the corresponding peaks were adjusted in different spectra, namely: the amide peak area from N 1s corrected into O 1s (only for nitrogen prepared samples); cumulative sum of N5, N6, and NQ from the N 1s spectra in C-N peak in C 1s; carbonyl, ether, and hydroxyl species from O 1s into suitable peaks in C 1s; (iii) after adjustment, the C=C and C-C/C-H lines were fitted, due to the variations in the contribution of additional phases.
Raman spectra were collected on a Bruker Senterra set-up (equipped with a confocal microscope), having spectral bandwidth of 70-3500 cm −1 with 5 cm −1 resolution using a DPSS laser (λ = 532 nm) at 2 mW power with a penetration depth of <1 μm. An Olympus M-PLAN ×50 NA 0.5 objective was used for observing the measured area and focusing the excitation-laser and collimation of the backscattered light, resulting in 2 μm spot. Peaks were fitted with a Voigt profile and integrated using OriginPro software. XRD was conducted on a Bruker D8 Advance diffractometer in θ-2θ geometry using Cu-Kα 1,2 radiation. Crystallite size (L a ) and stacking thickness (L c ) were determined according to the Scherrer formula, based on the method described by Warren. 55 Elemental analysis was performed on ELEMENTAR Vario Micro cube. Porosity and specific surface area were determined measuring the argon adsorption isotherms at 87 K with a Quantachrome Autosorb-1 MP, applying the and BET theory. 56 Porosity data were fitted using the DFT 57 (Quantachrome software Autosorb 1.54).
Urea sensor
Details of urea sensor fabrication are reported elsewhere. 58 Briefly, urease from Jack Beans (Canavalia ensiformis, Sigma Aldrich) was immobilized onto carbon electrodes by immersing in a 1 mg ml −1 urease solution overnight, 59 with and without glutaraldehyde linker. The electrodes were treated with the oxygen plasma for 2 min, 100 W in one batch. Chitosan from crab shells (85% deacetylation, 200 kDa, Sigma Aldrich) was electrodeposited onto carbon electrodes, and urease was covalently coupled to chitosan via glutaraldehyde linker (25% in water, Sigma Aldrich). Five different solutions with a constant urea concentration (10 −2 M) and variable urease content (0.05-1 mg/ml) were prepared, and their pH values were measured using (i) pH electrode (Mettler Toledo, InLab Routine Pro), and (ii) pH indicator paper for quantitative and qualitative measurements, respectively. A sensor (carbon-chitosan-urease assembly) was rolled-up and placed inside a Teflon tube of 3 mm internal diameter. A pH indicator paper was placed in the same tube at~2 cm distance. The solution was held on top of the sensor for~50 s, and then allowed to diffuse into the pH indicator paper (see Video SI V2 in Supplementary Information). For a comparison with the flat sensor, a similar structure was wrapped around a Teflon tube such that the enzyme containing surface is exposed to the urea solution.
DATA AVAILABILITY
Samples and detailed characterization data are available on request from S.S.
